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As single junction thin-film technologies, both Si heterojunction (HIT) and Perovskite based solar 
cells promise high efficiencies at low cost. One expects that a tandem cell design with these cells 
connected in series will improve the efficiency further. Using a self-consistent numerical modeling 
of optical and transport characteristics, however, we find that a traditional series connected tandem 
design suffers from low ܬௌ஼  due to band-gap mismatch and current matching constraints. It requires 
careful thickness optimization of Perovskite to achieve any noticeable efficiency gain. Specifically, a 
traditional tandem cell with state-of-the-art HIT (ߟ ൌ ʹͶΨ) and Perovskite (ߟ ൌ ʹͲΨ) sub-cells 
provides only a modest tandem efficiency of ߟ் ׽25%. Instead, we demonstrate that a bifacial 
HIT/Perovskite tandem design decouples the optoelectronic constraints and provides an innovative 
path for extraordinary efficiencies. In the bifacial configuration, the same state-of the-art sub-cells 
achieve a normalized output of ߟ்כ =33%, exceeding the bifacial HIT performance at practical albedo 
reflections. Unlike the traditional design, this bifacial design is relatively insensitive to Perovskite 
thickness variations, which may translate to simpler manufacture and higher yield.  
 
Background and Motivation. In recent years, the search 
for low-cost highly efficient solar cells has resulted in two 
cell technologies (inorganic a-Si/c-Si Heterojunction and 
organic Perovskite) with comparable, but complementary 
characteristics. On one hand, the standard a-Si/c-Si 
Heterojunction (HIT) technology is poised to capture a 
significant proportion of traditional c-Si solar cells due to its 
high efficiency and better temperature coefficients.
1,2
 On the 
other hand, the recent dramatic gain in efficiency of  
Perovskite cells promises to finally realize the presumed 
cost advantages of organic solar cells.
3–5 With significant 
efforts in device analysis
6–11
 and optimization
12–15
,  several 
groups have achieved efficiency ߟ ൒ ʹʹΨ HIT cells.16 In 
the case of Perovskite based solar cells, with improvements 
in processing and material quality, the state-of-the-art cells 
reached an efficiency of ~20%.
17–19 
A Perovskite/HIT tandem design that can suppress 
individual bottlenecks and take advantage of their 
complementary characteristics may improve the efficiency 
further. Recently, the efficiency gain of tandem designs with 
Perovskite as the top cell and a range of bottom cell have 
been explored. Using a four terminal configuration, Bailie et 
al.
20
 obtained a 17% and 18.6% efficient tandem cell with 
mc-Si (ߟ̱ͳͳΨ) and copper indium gallium selenide (CIGS, ߟ̱ͳ͹Ψ) bottom cells, respectively. Similarly, Löper et al.21 
obtained a 13.4% efficient tandem cell with presumably a 
highly efficient a-Si:H/c-Si heterojunction bottom cell using 
the same configuration and Mailoa et al.
22
 obtained a 13.7% 
efficient cell with c-Si bottom cell using the two terminal 
configuration. These studies indicate that a poor performing 
top cell can significantly limit the performance of these 
traditional tandem cell designs. The tandem efficiency 
improvement may saturate for the state-of-art sub-cells.   
There has been some efforts to predict the theoretical 
limits for these traditional tandem designs using Perovskite 
sub-cell on top of c-Si 
23
 or a-Si/c-Si heterojunction bottom 
cell.
24
 These studies are generally not self-consistent; they 
rely only on detailed optical modeling. The conclusions 
based on carrier transport modelled by simple one-diode 
compact model may not be definitive, at least in the case of 
a-Si/c-Si heterojunction solar cells.
8 
From the above discussion, we observe that there has 
been some efforts to push the practical conversion 
efficiency using the traditional tandem designs. However, 
the gain using traditional tandem designs is not significant 
and theoretical limits based on full self-optoelectronic 
simulation is still lacking. In this letter, using detailed 
optical and carrier transport modeling, first, we re-explore 
the traditional tandem cell design. Starting from state-of-
the-art cell parameters for the sub-cells (~20% efficient 
Perovskite cell, ~24% efficient HIT cell), an optimized 
tandem cell offers only a modest improvement, ߟ் ׽ ʹͷΨ. 
Moreover, the optimization dictates a strict control over the 
Perovskite layer thickness —even a ~20nm deviation from 
the optimum thickness would degrade the net efficiency by 
1%. 
Instead, we suggest that another design involving a HIT 
and Perovskite bifacial tandem cells can drastically 
circumvent the constraints of the classical design, and 
increase the normalized output to ߟ்כ̱͵͵Ψ (output power 
normalized to 1-sun). Indeed, the bifacial tandem would 
outperform the bifacial HIT cell for typical albedo reflection 
(ܴ஺ ൏ ͶͲΨ). Further, the bifacial tandem design would be 
insensitive to the sub-cell thickness variation which obviates 
the need for layer optimization. The output gain is not 
restricted to state-of-the-art champion cells; even sub-
optimal Perovskite cell and standard HIT cell would benefit 
2 
substantially from this strategy.
25
A typical Perovskite solar cell
3,26
 consists of PEDOT:PSS 
as the hole transport material (HTM) and PCBM as the 
electron transport material (ETM) on either sides of the 
absorber layer. This Perovskite sub-structure is then 
contacted by ITO and Al. This configuration is shown in 
Fig. 1(b) without the Al back contact. The HIT cell uses c-Si 
as the active material with p
+
 and n
+
 doped a-Si passivation 
layers which act as the emitter (i.e., HTM) and the back 
surface field (ETM), respectively. The cell is contacted with 
ITO at the front and ITO/Al at the back. 
The traditional tandem cell consists of higher bandgap 
Perovskite (ଷଷଷǡ ܧ௉ீ௏௄ ൎ ͳǤͷͷ) sub-structure 
stacked on top of the lower bandgap (ܧ௖ீௌ௜ ൎ ͳǤͳʹ) c-Si 
HIT-subcell (see Fig. 1(b)). 
 
Fig. 1: (a) A solar panel generally utilizes the direct illumination of 
sunlight. A fraction of the light can also be scattered from the 
ground onto the back of the panel. (b) Traditional tandem structure, 
and (c) a bifacial tandem structure. 
The bifacial tandem cell has a similar design except for 
the absence of Al back contact. This allows the absorption 
of reflected light, as shown in Fig. 1(c). We will consider 
both classical and bifacial tandem designs, to demonstrate 
why and how bifacial tandem outperforms the classical 
design. 
Simulation Framework. The absorption spectrum and 
spatial photo-generation profile in the layered solar cell 
structure is calculated by solving the Maxwell’s equations 
using Transfer Matrix Method (TMM)
27
 under illumination 
of AM 1.5G solar spectrum over the wavelength range 300–
1500nm. The materials in different layers of the cell are 
characterized by experimentally measured absorption 
coefficient and refractive indices reported in the literature 
25,28–30
. 
The transport of charged carriers (electrons and holes) is 
modeled by generalized drift-diffusion formalism
31
 using 
the carrier generation profile found from the optical 
simulation. The carrier transport in the cell is simulated by a 
self-consistent solution of Poisson and continuity equations 
by MEIDCI
TM
 device simulator.
29
 The contacts are 
presumed to be ohmic. See Table S1 for model equations, 
and Table S2 and Table S3 for simulation parameters in 
SI.
25
 The parameters are consistent with literature yielding 
in experimentally observed device behaviors.  
To model the tandem cell designs, first, we perform 
optical simulation of the full structure. Then, the carrier 
generation profiles so obtained are used in the transport 
simulator to separately characterize the ܬ െ ܸ for sub-cells. 
Finally, the sub-cells are connected in series using a circuit 
model (with negligible series resistance) to obtain the 
tandem characteristics. 
  
Traditional Tandem Configuration. The electronic 
properties of the materials (Perovskite, a-Si, and c-Si) 
considered in this study are chosen in such a way to obtain 
the state-of-the-art efficiencies of 24% for HIT cell and 20% 
for the Perovskite cell. (see Table S2 and Table S3 in SI for 
parameter list).
25
 The corresponding ܬ െ ܸ characteristics 
are provided in Fig. 3(a). In the following discussions, we 
will show how these two technologies can be arranged in 
tandem to achieve high performance solar cells.  
 
Fig. 2: Absorbed sunlight (in terms of corresponding current 
density ܬ௔௕௦) is shown for Perovskite (green) and HIT (red) 
subcells as a function of ܮ௉௏௄. The short circuit current of the 
series tandem will be limited to ൫ܬ௔௕௦௖ௌ௜ ǡ ܬ௔௕௦௉௏௄൯ as shown by the 
dashed black lines. We set ܮ௖ௌ௜ ൌ ʹͲͲɊ. 
 
Perovskite and HIT sub-cells are connected in series 
tandem configuration; see Fig. 1(b). Ideally, a top cell with ܧீ̱1.7eV is required to match current produced by c-Si  
bottom sub-cell, to achieve the maximum efficiency for the 
combination.
33
  Here, a sufficiently thick top sub-cell should 
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absorb all the photons above its bandgap, transmitting the 
rest of the solar spectrum to the bottom cell. The bottom 
sub-cell then absorbs above its bandgap from the remaining 
part of the spectrum (see absorption spectrum in Fig. S2 in 
SI).
25
 The optimum bandgap for the top cell is selected such 
that, the sub-cell currents are matched and output power is 
maximized under the above mentioned operation principles.  
Unfortunately, Perovskite bandgap (1.55eV) is 
considerably smaller than the optimum bandgap of the top-
cell (ܧீ̱ͳǤ͹ܸ݁).33 This makes the traditional tandem design 
sub-optimal, because 300-400nm thick typical Perovskite 
top-cell would absorb so many photons that the bottom c-Si 
cell would not be able to produce sufficient ܬ௦௖ — this 
mismatch in ܬௌ஼  dramatically suppresses the power output 
from the tandem cell. Even for a relatively thin top-cell 
(e.g., ܮ௉௏௄̱ͳ͹Ͳǡ see Fig. 2(b)), the currents are 
mismatched by 4 mA (red line, ܬ௔௕௦௖ௌ௜ ; green line, ܬ௔௕௦௉௏௄). 
Therefore, delicate thickness control is essential in 
designing traditional tandem cell with these mismatched 
sub-cells. 
Fig. 2 shows that the sub-cell currents can be matched by 
varying the thickness of Perovskite (ܮ௉௏௄) layer. The 
minimum absorption between the two sub-cells 
approximately defines the tandem ܬௌ஼ . Therefore, we 
maximize ൫ܬ௔௕௦௉௏௄ ǡ ܬ௔௕௦௖ௌ௜ ൯ for achieving the highest overall 
current (black dashed line in Fig. 2). As the sensitivity of ܬௌ஼  
(̱൫ܬ௔௕௦௉௏௄ ǡ ܬ௔௕௦௖ௌ௜ ൯) on the c-Si layer thickness is negligible, ܮ௖ௌ௜ ൌ ʹͲͲɊ in HIT cell is chosen for the optimized 
tandem cell. In contrast, the matched current is highly 
sensitive to ܮ௉௏௄ and even 20nm variation will lead to more 
than ͳȀଶ lowering of short circuit current—this 
translates to more than 1% loss in tandem cell efficiency. 
The optical simulation indicates that the efficiency would be 
optimal at ܮ௉௏௄ ൌ ͳ͵ͷ. 
 
Fig. 3: ܬ െ ܸcharacteristics of (a) individual HIT and Perovskite 
cells (b) HIT (red) and Perovskite (green) sub-cell ܬ െ ܸ 
characteristics are shown along with the  tandem cell (black dashed 
line). Inset table shows sub-cells contribution to the efficiency. 
Once the cell thicknesses are determined from optical 
simulation, the analysis of carrier transport produces the full ܬ െ ܸ characteristics.  First, consider the individual ܬ െ ܸ 
characteristics of Perovskite and HIT cells shown in Fig. 
3(a). HIT solar cell has a higher ܬௌ஼  but lower ைܸ஼  compared 
to Perovskite cell (as ܧ௖ீௌ௜ ൏ ܧ௉ீ௏௄). In a tandem structure, 
the sub-cell currents must be matched, as in Fig. 3(b).  The 
ܬௌ஼  in the tandem cell (̱ͳͺȀଶ) after current matching 
is lower than both the Perovskite (̱ʹͶǤͷȀଶ) and HIT 
(̱ͶͲǤͷȀଶ) cells. The ைܸ஼  in the tandem cell adds up 
to ~1.65V from the sub-cells. The total efficiency is ߟ்̱ʹͷΨ, which is only slightly higher than the individual 
cells, ߟுூ்̱ʹͶΨ and ߟ௉௏௄̱ʹͲΨ. Therefore, while with 
careful layer optimization, it is possible to obtain modest 
efficiency gains through traditional tandem configurations, 
but it may not be cost effective. Note that, a part of the 
efficiency gain arises from not having ITO between the two 
sub-cells,   which reduces parasitic absorption
21
, and offers 
better impedance matching for light between the top and the 
bottom cells. 
 
Bifacial Tandem Configuration. The efficiency (ߟ்) gain 
in traditional tandem configuration, unfortunately, is highly 
sensitive to ܮ௉௏௄; any deviation from the optimum (Fig. 2, 
135nm) erodes the gain considerably. In practice, it is 
difficult to control ܮ௉௏௄  within 20-30nm by spin or drop-
casting, so that average gain would be lower than predicted 
by the optimal. Also, in a tandem, the sub-cells 
underperform compared to their individual limits ሺߟ௉௏௄௦௨௕ ̱ͳͶΨ vs. ߟ௉௏௄  ׽ ʹͲΨ; ߟுூ்௦௨௕ ̱ͳͳΨ vs. ߟுூ் ׽ʹͶΨ). A reduced coupling between the sub-cells is desired 
and the characteristic bifacial configuration of the HIT cell 
(see Fig. 1(c)) offers a simple solution, with ߟ்כ ՜ ͵͵Ψ, as 
discussed below.  
The bifacial design allows light to enter the device from 
both top and bottom faces. In a HIT cell, the back ITO must 
be inserted between a-Si and metal contact to improve the 
optical properties and reliability,
34
 so that a transparent 
back-contact is available at no extra cost. Fig. 1(a) shows 
that the bifacial panel accepts direct solar illumination from 
the front, and albedo reflected light from the background 
(grass, concrete, snow, etc.). The traditional and the bifacial  
 
 
Fig. 4: Spatial photo-generation profile in the tandem cell. The 
primary sunlight is from the left. 
  
Perovskite-HIT tandem are identical (Fig. 1(b) vs. 1(c)), 
except for the back Al contact. As a result, slight increase in 
series resistance is expected for the bifacial design; for this 
study, we will assume that this effect is negligible. 
The front side of the cell is exposed to direct sunlight—
the high energy part of the spectrum for ൐ ܧ௉ீ௏௄  (1.55eV) is 
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now mostly absorbed in a 350nm Perovskite sub-cell (see 
absorption spectrum in Fig. S3 in SI).
25
 The bottom HIT 
sub-cell absorbs few photons from the remaining spectrum, 
the blue line in Fig. 4. In a typical tandem, with no albedo 
reflectance (ܴ஺ ൌ Ͳ), ߟ்כ  would be severely affected.  
However, the partially reflected light from the 
ground/surroundings, characterized by albedo reflectance 
(ܴ஺ ൏ ͳͲͲΨ), improves photo-generation in the HIT sub-
cell considerably (red dashed line in Fig. 4). For the 
traditional tandem cell discussed earlier, ߟ் was limited by 
the constraint of matched sub-cell currents. Since bifacial 
tandem improves the ܬௌ஼ுூ், one can use a thicker Perovskite 
to improve ܬௌ஼௉௏௄, free from typical constraints of tandem 
cell, i.e., restriction on ܮ௉௏௄ vs. ܮ௖ௌ௜ . For this analysis, we 
choose these thicknesses to be 350nm and ʹͲͲɊ 
respectively.  
We can now compare the bifacial HIT cell and the 
bifacial tandem for varying ܴ஺. For low ܴ஺ (൏ ʹͲΨ), the 
Perovskite has higher current than the HIT sub-cell (see Fig. 
5(a)), and the efficiency is limited by the HIT cell.  As we 
increase scattered light entering through the bottom cell, the 
absorption in the HIT sub-cell will increase linearly with ܴ஺. 
However, the tandem ܬௌ஼  will be limited by the lower of the 
two sub-cells currents, shown by the black line in Fig. 5(a). 
Beyond ܴ஺ ൐ ʹͲΨ, the tandem current is limited by the 
Perovskite sub-cell. This also explains why the tandem cell 
output ߟ்כ  (output power normalized to 1-sun illumination) 
increases with ܴ஺ and then saturates to ~33% after ܴ஺ ൐ʹͲΨ (see Fig. 5(b)).  Further, from Fig. 5(b) we observe 
that for a practical range of ܴ஺ ൏ ͶͲΨ the tandem design 
(black line) outperforms the typical bifacial HIT cell (blue  
 
Fig. 5: (a) The ܬௌ஼ of the sub-cells and bifacial tandem as function 
of albedo ܴ஺. (b) Output ߟ்כ  (normalized to 1-sun) of the 
Perovskite and HIT sub-cells (green and red areas) are shown. The 
bifacial tandem (black dashed line) outperforms the bifacial HIT 
cell (blue solid line) for ܴ஺ ൏ ͶͲΨ. Common backgrounds such as 
grass, white concrete, and snow have ܴ஺ of 30%, 60%, and 90%, 
respectively35 (some variations in these ܴ஺ values are observed in 
literature36). 
 
solid line) by a considerable margin. Obviously, this bifacial 
design requires a slightly modified stacking of the cells– a 
suggested process flow is described in SI.
25
 
Summary. In this paper, we have explored the performance 
potential of Perovskite-HIT tandem cell based on state-of-
the-art sub-cells. We find that a traditional tandem design 
requires an optimized Perovskite thickness of ܮ௉௏௄ ׽ͳ͵ͷ݊݉ to provide a modest 25% efficient cell. 
Unfortunately, the efficiency gain is compromised due to 
sensitivity to ܮ௉௏௄ and both the cells underperform 
compared to their individual efficiencies. Through a bifacial 
tandem design one can resolve the current matching 
problem and improve the performance to 33%. As an added 
advantage, we observe that this efficiency gain is insensitive 
to thicknesses of Perovskite and c-Si layers. Further, it out-
performs the bifacial HIT cell over a practical range of 
albedo reflection. Therefore, it offers a viable, robust HIT-
Perovskite tandem for low-cost, highly-efficient PV 
technology. 
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Absorption spectrums: 
There are a number of different measurements in the literature regarding the optical properties 
(complex refractive index) for Perovskite
1–4
 and we used the one from Xing et al.
1
 The extinction 
coefficient has been set to zero below the band-edge (ߣ ൐ ͺͲͲ݊݉ see Fig. S1)—this yields an 
abrupt jump in the simulated absorption spectrums (discussed below). To understand the bifacial 
tandem, we will present two absorption spectrums: (i) for direct sunlight illumination form the 
top, and (ii) for scattered light incident from the back of the device. 
Fig. S2 shows the absorption spectrum for the optimized tandem structure. Most of the high 
energy photons (ߣ ൏ ͷͲͲ) are absorbed in the Perovskite sub-cell. This suppresses parasitic 
absorption in a-Si layer, a beneficial effect of the tandem configuration. Similarly, for the 
bifacial configuration, the thick Perovskite layer absorbs almost all the photons above its band-
edge, as shown in Fig. S3. This eliminates the possibility of parasitic absorption in a-Si.  
For simulation of the light incident from the bottom of the cell (in the bifacial configuration), we 
assumed perfect impedance matching from air into the a-Si layer (the ITO has been neglected in 
this case). Such matching can be achieved by anti-reflection coatings or by textured surfaces. In 
this case, as shown in Fig. S4, there is significant parasitic absorption in back a-Si layer. The rest 
of the photons are absorbed in c-Si (above the band-edge). Since c-Si is a smaller bandgap 
material, there is no absorption in Perovskite layer when light is incident from the back surface. 
The absorption spectrums for light incident from the top and from albedo reflection are 
calculated as a function of the device depth (ݔ), represented by ܣ௧௢௣ሺߣǡ ݔሻ and ܣ௕௢௧ሺߣǡ ݔሻ 
respectively. We then find the carrier generation profile in the tandem device: ݊ீ௘௡ሺݔሻ ൌ නቆܫ଴ሺߣሻ݄ܿ ߣΤ ܣ௧௢௣ሺߣǡ ݔሻ ൅ ܴ஺ ൈ ܫ଴ሺߣሻ݄ܿȀߣ ܣ௕௢௧ሺߣǡ ݔሻቇ ݀ߣ 
Here, ܫ଴ሺߣሻ is the AM1.5 spectrum, and ܴ஺ is the albedo reflectance. The number of photons 
(#/wavelength/area) at ߣ is given by ܫ଴Ȁሺ݄ܿȀߣሻ. 
 
 
Fig. S1 Refractive index of Perovskite reproduced from
1
. For ࣅ ൐ ૡ૙૙࢔࢓ the extinction 
coefficient (k) has been set to zero. 
 
 
Fig. S2 Absorptance spectrum of optimized thickness classical tandem solar cell. 
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 Fig. S3 Absorption spectrum of top incident light for bifacial tandem solar cell. 
 
 
Fig. S4 Absorption spectrum of bottom incident light (Albedo reflection) for bifacial tandem 
solar cell. 
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Moderate efficiency sub-cell results: 
In the HIT or Perovskite cell technology, most of the cells do not reach the champion cell 
efficiencies. Typical cells have somewhat lower efficiency. For example, we may expect 
moderately performing HIT and Perovskite cells to reach ~20% and ~17.5%, respectively. It 
would be interesting to see if the advantages of bifacial design (over traditional design) persist 
for these cells as well.  
The typical HIT cell (~20% efficiency) was realized by using doping level of ͳ ൈ ͳͲଵଽȀܿ݉ଷ for 
n-layer and ͳ ൈ ͳͲଵ଺Ȁܿ݉ଷ for p-layer also decreasing the lifetime from ͳͲ݉ݏ to ͲǤͷ݉ݏ in c-Si 
and reducing hole mobility by a factor of 2 in both n-layer and p-layer. For the perovskite cell 
(~17.5% efficiency) mobility was decreased from ͶͲܸǤ ݏȀܿ݉ଶ to ͵ͲܸǤ ݏȀܿ݉ଶ and lifetime from ʹͲ݊ݏ to ͵Ǥ͵݊ݏ in Perovskite layer. The tandem cell that combines both has 23%. (See Fig. 
S5Error! Reference source not found.) The relative improvement is more pronounced for the 
case of moderate 20% HIT cell that has been enhanced to 23% in tandem structure. 
 
Fig. S5 (a) Typical separate HIT and PVK cell and (b) Typical sub-cells and tandem J-V 
characteristics. 
 
As can be seen from Fig. S6Error! Reference source not found. the overall trend of tandem 
bifacial outperforming the HIT bifacial cell for up to 50% albedo reflection remains the same. 
The bifacial tandem can go up to 29% normalized output. 
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 Fig. S6 Comparison of normalized efficiency of bifacial HIT cell and tandem cell made of 
typical cells. Bifacial tandem cell outperforms the bifacial HIT structure up to 50% of albedo 
reflection. 
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Thickness study for individual cells: 
Fig. S7 shows thickness dependence of typical Perovskite solar cell characteristics. The 
efficiency overall follows the ܬௌ஼  trend. The increase in the current density for the thickness 
less than ͲǤͳʹߤ݉ is due to interference of back mirror (contact). 
 
Fig. S7 Thickness dependence of Perovskite cell characteristics. 
 
HIT cell shows robustness with respect to thickness for a wide range. (See Fig. S8) Therefore in 
the optimization of tandem, we only considered the variation of the perovskite layer thickness 
(see main manuscript).  
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Fig. S8 Thickness dependence of HIT cell characteristics. 
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 Transport simulation: 
Table S1 to  Table S3 summarize the equations and parameters used for transport simulation 
of the solar cells including the sub-cells, individual cells, and bifacial HIT structure. The 
parameters used for Perovskite cell and sub-cells are set to fit the experimental data from Nie 
et al.
5
 
 
Here, ૓ܚ is the relative dielectric constant of the material, ࢔ࢋǡࢎ is the electron/hole 
concentration, ࡳࢋǡࢎ is the generation profile coming from optical simulation, ࡾࢋǡࢎ is the 
recombination term including direct and Shockley-Read-Hall recombination in case of 
Perovskite cell and also Auger recombination in case of HIT cell, ૄ܍ǡܐ is the electron/hole 
mobility, ࡰࢋǡࢎ is the electron/hole diffusion coefficient, ࢔࢏ is the intrinsic carrier 
concentration, ࡮ is the direct recombination coefficient, and ࣎ is electron/hole lifetimeǤ
The energy band diagram of the Perovskite sub-cell in short circuit condition is shown in Fig. 
S9. The Perovskite layer is fully depleted (from 0.040 ࣆ࢓ to 0.175 ࣆ࢓). Due to the 
electrical field in the depletion region, the generated charged carriers will be directed to 
corresponding contacts. PEDOT:PSS layer (from 0 ࣆ࢓ to 0.040 ࣆ࢓) acts as Hole Transport 
Material (HTM). PCBM layer (from 0.175 ࣆ࢓ to 0.195 ࣆ࢓) is acting as an Electron 
Transport Material (ETM) and blocking the holes to be collected in the wrong contact. 
Table S1. Equations for carrier transport 
߳௥߳଴׏ଶ߰ ൌ െݍሺ݊௛ െ ݊௘ሻ 
׏ܬ௘ǡ௛ ൌ ቀܩ௘ǡ௛ െ ܴ௘ǡ௛ሺ݊௘ ǡ ݊௛ሻቁ 
ܬ௘ǡ௛ ൌ ߤ௘ǡ௛݊௘ǡ௛ሺെ׏߰ሻ േ ܦ௘ǡ௛׏݊௘ǡ௛ 
ܴ௘ǡ௛ሺ݊௘ ǡ ݊௛ሻ ൌ ܤ൫݊௘݊௛ െ ݊௜ଶ൯ ൅ ݊௘݊௛ െ ݊௜ଶ߬ሺ݊௘ ൅ ݊௛ሻ 
Poisson Equation: 
Continuity: 
Drift-Diffusion: 
Recombination: 
 
 Fig. S9 The energy band diagram of the Perovskite (PVK) sub-cell under short circuit 
condition 
The photo-generated carriers (holes) in the c-Si absorber region reach the junction through 
diffusion and get collected at the front contact. The a-Si layers at the back of the device act as 
effective back surface field and avoids recombination at the wrong contact. The properties of 
the a-Si/c-Si heterojunction (see Fig. S10) such as (band offset, emitter doping, etc.) at the 
junction dictate the performance of the device. 
 
Fig. S10  The energy band diagram of the HIT sub-cell under short circuit condition 
Fabrication prospects for bifacial tandem configuration:  
As observed from this study, the bifacial tandem cell structure shows prospects of improved 
performance with small changes in the existing experimental setups. Here we discuss some of 
the minor modifications needed in current deposition methods to achieve this goal. The bottom 
HIT sub-cell can be grown with conventional deposition technologies.
6
 PCBM, Perovskite, and 
PEDOT:PSS layers can be grown using solution process techniques—these use organic solvents 
and low temperatures. Thus the processing of the Perovskite sub-cell is unlikely to damage the 
bottom sub-cell. However, the deposition of ITO using sputtering can be challenging and may 
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damage the organic layers. Fortunately, it is possible to use other transparent electrodes such as 
Ag-NW nets,
7
 or graphene-NW co-percolating networks.
8
 Some of these electrodes have been 
demonstrated to work on organic photovoltaics and Perovskite cells.
9,10
 Although the bifacial 
Perovskite-HIT tandem seems promising, the exact structure and processing steps would require 
further research.  
 
Table S2. The simulation parameters used in numerical simulation of HIT cell
11
 
Properties p-layer i-layer c-Si i-layer n-layer 
Thickness 10nm 10nm ʹͲͲߤ݉ 10nm 10nm 
Doping (ܿ݉ିଷ) ஺ܰ ൌ ͷ ൈ ͳͲଵଽ െ ஽ܰ ൌ ͷ ൈ ͳͲଵହ െ ஽ܰ ൌ ͷ ൈ ͳͲଵଽ 
Hole mobility 
(ܿ݉ଶȀܸݏ) ͲǤʹ ʹ ͵͵Ͳ ʹ ʹ 
Electron mobility 
(ܿ݉ଶȀܸݏ) ͳ ʹͲ ͳͲ͵Ͳ ʹͲ ͳͲ 
Hole lifetime (s) െ െ ͷ ൈ ͳͲିସ െ െ
Electron lifetime (s) െ െ ͷ ൈ ͳͲିସ െ െ
Band gap (ܸ݁) ͳǤ͹ ͳǤ͹ ͳǤͳʹ ͳǤ͹ ͳǤ͹ 
Electron affinities 
(ܸ݁) ͵Ǥͻ ͵Ǥͻ ͶǤͲͷ ͵Ǥͻ ͵Ǥͻ 
Conduction Band Tail 
States 
௧ܰ௔௜௟ൌ ͳͲଵଽܿ݉ିଷܸ݁ିଵ ܧ௧௔௜௟ ൌ ͲǤͲͷܸ݁ ܥ௛ ൌ ͳͲିଵ଺ܿ݉ିଶ ܥ௡ ൌ ͳͲିଵ଺ܿ݉ିଶ 
௧ܰ௔௜௟ൌ ͳͲଵଽܿ݉ିଷܸ݁ିଵ ܧ௧௔௜௟ ൌ ͲǤͲͳͻܸ݁ ܥ௛ ൌ ͳͲିଵ଺ܿ݉ିଶ ܥ௡ ൌ ͳͲିଵ଺ܿ݉ିଶ െ 
௧ܰ௔௜௟ൌ ͳͲଵଽܿ݉ିଷܸ݁ିଵ ܧ௧௔௜௟ ൌ ͲǤͲͳͻܸ݁ ܥ௛ ൌ ͳͲିଵ଺ܿ݉ିଶ ܥ௡ ൌͳͲିଵ଺ܿ݉ିଶ 
௧ܰ௔௜௟ൌ ͳͲଵଽܿ݉ିଷܸ݁ିଵ ܧ௧௔௜௟ ൌ ͲǤͲͷܸ݁ ܥ௛ ൌ ͳͲିଵ଺ܿ݉ିଶ ܥ௡ ൌͳͲିଵ଺ܿ݉ିଶ 
Valence band tail 
states 
௧ܰ௔௜௟ൌ ͳͲଵଽܿ݉ିଷܸ݁ିଵ ܧ௧௔௜௟ ൌ ͲǤͳܸ݁ ܥ௛ ൌ ͳͲିଵ଺ܿ݉ିଶ ܥ௡ ൌͳͲିଵ଺ܿ݉ିଶ 
௧ܰ௔௜௟ൌ ͳͲଵଽܿ݉ିଷܸ݁ିଵ ܧ௧௔௜௟ ൌ ͲǤͲͶͻܸ݁ ܥ௛ ൌ ͳͲିଵ଺ܿ݉ିଶ ܥ௡ ൌͳͲିଵ଺ܿ݉ିଶ െ 
௧ܰ௔௜௟ൌ ͳͲଵଽܿ݉ିଷܸ݁ିଵ ܧ௧௔௜௟ ൌ ͲǤͲͶͻܸ݁ ܥ௛ ൌ ͳͲିଵ଺ܿ݉ିଶ ܥ௡ ൌͳͲିଵ଺ܿ݉ିଶ 
௧ܰ௔௜௟ൌ ͳͲଵଽܿ݉ିଷܸ݁ିଵ ܧ௧௔௜௟ ൌ ͲǤͳܸ݁ ܥ௛ ൌ ͳͲିଵ଺ܿ݉ିଶ ܥ௡ ൌͳͲିଵ଺ܿ݉ିଶ 
Donor-like defects 
௧ܰଵ ൌ ͳͲଵ଺ܿ݉ିଷ ܧ௧ଵ െ ܧ௜ ൌ ͲǤ͵ͳܸ݁ ߪ௧ଵ ൌ ͲǤͲͺܸ݁ ߬௣ଵ ൌ ͳͲିଽݏ ߬௡ଵ ൌ ͳͲିଽݏ ௧ܰଶ ൌ ͳͲଵ଼ܿ݉ିଷ ܧ௧ଶ െ ܧ௜ ൌ െͲǤʹ͸ܸ݁ ߪ௧ଶ ൌ ͲǤͳͷܸ݁ ߬௣ଶ ൌ ͳͲିଽݏ ߬௡ଶ ൌ ͳͲିଽݏ 
௧ܰଵ ൌ ͷ ൈ ͳͲଵହܿ݉ିଷ ܧ௧ଵ െ ܧ௜ ൌ ͲǤʹͳܸ݁ ߪ௧ଵ ൌ ͲǤͲͺܸ݁ ߬௣ଵ ൌ ʹ ൈ ͳͲିଽݏ ߬௡ଵ ൌ ʹ ൈ ͳͲିଽݏ 
 
െ ௧ܰଵ ൌ ͷ ൈ ͳͲ
ଵହܿ݉ିଷ ܧ௧ଵ െ ܧ௜ ൌ ͲǤʹͳܸ݁ ߪ௧ଵ ൌ ͲǤͲͺܸ݁ ߬௣ଵ ൌ ʹ ൈ ͳͲିଽݏ ߬௡ଵ ൌ ʹ ൈ ͳͲିଽݏ 
 
௧ܰଵ ൌ ͳͲଵ଺ܿ݉ିଷ ܧ௧ଵ െ ܧ௜ ൌ ͲǤ͵ͳܸ݁ ߪ௧ଵ ൌ ͲǤͲͺܸ݁ ߬௣ଵ ൌ ͳͲିଽݏ ߬௡ଵ ൌ ͳͲିଽݏ ௧ܰଶ ൌ ͳͲଵ଼ܿ݉ିଷ ܧ௧ଶ െ ܧ௜ ൌ െͲǤʹ͸ܸ݁ ߪ௧ଶ ൌ ͲǤͳͷܸ݁ ߬௣ଶ ൌ ͳͲିଽݏ ߬௡ଶ ൌ ͳͲିଽݏ 
Acceptor-like defects 
௧ܰଵ ൌ ͳͲଵ଺ܿ݉ିଷ ܧ௧ଵ െ ܧ௜ ൌ െͲǤʹͳܸ݁ ߪ௧ଵ ൌ ͲǤͲͺܸ݁ ߬௣ଵ ൌ ͳͲିଽݏ ߬௡ଵ ൌ ͳͲିଽݏ 
 
௧ܰଵ ൌ ͷ ൈ ͳͲଵହܿ݉ିଷ ܧ௧ଵ െ ܧ௜ ൌ ͲǤͳͳܸ݁ ߪ௧ଵ ൌ ͲǤͲͺܸ݁ ߬௣ଵ ൌ ʹ ൈ ͳͲିଽݏ ߬௡ଵ ൌ ʹ ൈ ͳͲିଽݏ 
 
െ ௧ܰଵ ൌ ͷ ൈ ͳͲ
ଵହܿ݉ିଷ ܧ௧ଵ െ ܧ௜ ൌ ͲǤͳͳܸ݁ ߪ௧ଵ ൌ ͲǤͲͺܸ݁ ߬௣ଵ ൌ ʹ ൈ ͳͲିଽݏ ߬௡ଵ ൌ ʹ ൈ ͳͲିଽݏ 
 
௧ܰଵ ൌ ͳͲଵ଺ܿ݉ିଷ ܧ௧ଵ െ ܧ௜ ൌ െͲǤʹͳܸ݁ ߪ௧ଵ ൌ ͲǤͲͺܸ݁ ߬௣ଵ ൌ ͳͲିଽݏ ߬௡ଵ ൌ ͳͲିଽݏ 
 
Contact properties Ohmic contacts, ݏ௙ ൌ ͳͲ଻ܿ݉Ȁݏ for both contacts 
 
  
 Table S3. The simulation parameters used in numerical simulation of Perovskite cell 
Properties PEDOT:PSS Perovskite PCBM 
Thickness 40nm 135nm and 350nm 20nm 
Doping (ܿ݉ିଷ) ஺ܰ ൌ ͵ ൈ ͳͲଵ଻ 
 ஺ܰ ൌ ͳ ൈ ͳͲଵ଺ ஽ܰ ൌ ͷ ൈ ͳͲଵ଻ 12 
Hole mobility 
(ܿ݉ଶȀܸݏ) ͻ ൈ ͳͲିଷ 13 Ͷ0 ͳ ൈ ͳͲିଶ 
Electron mobility 
(ܿ݉ଶȀܸݏ) ͻ ൈ ͳͲିଷ ͶͲ ͳ ൈ ͳͲିଶ 12 
Hole lifetime (s) ͳ ൈ ͳͲି଺ ʹͲ ൈ ͳͲଽ ͳ ൈ ͳͲି଺ 
Electron lifetime (s) ͳ ൈ ͳͲି଺ ʹͲ ൈ ͳͲଽ ͳ ൈ ͳͲି଺ 
Band gap (ܸ݁) ͳǤͷͷ 14 ͳǤͷͷ 15 ʹǤͲ 16 
Electron affinities 
(ܸ݁) ͵Ǥ͸͵ ͵Ǥ͹͵ 17 ͶǤͳ͹ 18 
Contact Properties Ohmic contacts, ݏ௙ ൌ ͳͲ଻ܿ݉Ȁݏ for both contacts 
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